Availability of multiple-stress tolerant maize is critical for improvement in maize production in West and central Africa (WcA). A study was carried out to (i) assess a set of inbred lines for combining ability under stressed and optimal conditions, (ii) determine the performance of the testcrosses under different conditions, and (iii) identify outstanding hybrids across the conditions. Two hundred and five testcrosses were planted with five hybrid checks under Striga-infested, low soil nitrogen, drought and optimal conditions between 2015 and 2016 in Nigeria. The grain yield inheritance under optimal condition was largely regulated by additive gene effect whereas non-additive gene effects largely regulated grain yield under the three stresses. Four of the inbreds had significant positive general combining ability effects each under low N and drought, and three under Striga infestation for grain yield. The inbreds could be vital sources of beneficial alleles for development and improvement of tropical yellow maize hybrids and populations. Hybrids TZEI 443 x ENT 13 and TZEI 462 x TZEI 10 were high yielding and stable; they out-performed the three early maturing released hybrids in WCA. The new hybrids should be extensively assessed and released in the sub-region to improve food security.
Determining the combining ability (CA) of new inbred lines is beneficial to hybrid maize breeding programs particularly in most of the SSA countries where such programs are still in the infantile stage. In addition to identifying the good combining inbreds in hybrid production, the CA helps breeders to choose breeding strategy most effective for developing hybrids targeted to stress and optimal conditions. Studies on CA of inbred lines under different conditions have been conducted by many workers in SSA [11] [12] [13] [14] [15] [16] [17] [18] . However, it is extremely important for successful hybrid programs to assess the CA of all new inbred lines developed or imported. Similarly, research on the CA of maize inbreds and the gene effects modulating most agronomic traits of maize under Striga infestation, low N, optimal and drought conditions is also at the infantile stage and results obtained so far have often been contradictory. For example, several independent studies 11, [19] [20] [21] indicated that non-additive gene effects influenced grain yield inheritance under drought in contrast to the results of the studies by Amegbor et al. 18 , Betrán et al. 22 , Meseka et al. 23 , Derera et al. 24 Musila et al. 25 and Badu-Apraku et al. 26 in which additive genetic effects influenced grain yield inheritance in tropical maize inbred lines assessed under drought condition. Similar distinct report has been made for maize in CA studies under low N. For instance, other researchers 12, 18, [27] [28] [29] [30] [31] [32] found under low N dominance of additive gene effects in the grain yield inheritance whereas several other workers [22] [23] [24] [33] [34] [35] showed that non-additive gene effect was the most important. Under Striga infestation, Yallou et al. 36 and Ifie et al. 37 , revealed that the inheritance of number of emerged Striga plants and Striga damage under Striga infestation was largely regulated by non-additive gene effects. In contrast, additive genetic effect was found to be more important for Striga damage while non-additive gene effect regulated the number of emerged Striga plants [38] [39] [40] .
The contradicting reports on the CA or gene effect controlling maize yield under Striga infestation, low N and drought in the diverse studies could be ascribed to the variations in the inbred lines used. Hence, the need to assess the CA of new inbred lines that are extracted from different germplasm sources so that they could be effectively used for planning crosses to develop synthetic varieties and hybrids with good performance under distinct environmental conditions in WCA. The general aim of the study was to appraise newly developed yellow endosperm maize inbreds which have the ability to mature early under low soil N, drought, Striga-infested, optimal and across the four environmental conditions. Specifically, the study was set up to (i) study the performance of early maturing hybrids across multiple-stress as well as optimal (absence of Striga, low soil N and drought) conditions and (ii) identify stable and high yielding hybrids across stress and optimal conditions.
Results
Analysis of variance in stressed and optimal conditions. Significant variances (mean squares) (P < 0.05) of hybrids (G), environments (E), and hybrids x environments interactions (GEI) revealed for almost all the traits measured under low N and drought (Table 1) , optimal and Striga-infested (Table 2 ) and across the environmental conditions (Table 3) . Hybrid x environment interaction mean squares were significant for all traits with the exception of stay-green characteristic in drought condition, number of ears per plant and plant aspect under low N, and under Striga infestation for number of emerged Striga plants at 10 WAP. Almost all the measured traits under low N and drought also varied for GCA-tester, GCA-line and SCA (Table 1) , Striga-infested and optimal ( Table 2 ) and across the environmental conditions (Table 3 ). Significant mean squares of GCA-tester x E, GCA-line x E interactions were also detected for almost all the traits in low N, drought (Table 1) , Striga-infested and optimal (Table 2 ) and across the environmental conditions (Table 3 ). In the optimal and across the environmental conditions, significant variances of the interactions of SCA x E were obtained for grain yield and almost all the other traits. In contrast, the variances of the interactions of SCA x E in the low N, drought (Table 1) , and Striga-infested conditions ( Table 2) were not significant for almost all the traits.
Relative contributions of specific combining ability and general combining ability effects of inbred lines. Under Striga infestation, low N and drought conditions, the percentage of the SCA effects was greater than that of the GCA for almost all the traits (Table 4 ). In contrast, the GCA effects contributed a greater portion of the total genetic effects for most of the other traits measured under optimal and across environmental conditions ( Table 4 ). The GCA effects of almost all the traits measured under low N, drought, optimal, Striga-infested and across environmental conditions showed that out of the 41 inbred lines, only the grain yield GCA effects for TZEI 160, TZEI 515, TZEI 443, TZEI 161 were positive and significant. In addition, significantly negative GCA effects were recorded by inbreds TZEI 443, TZEI 432, TZEI 182 and TZEI 474 for stay-green characteristic in the contrasting conditions. However, all the five testers had no significant and positive GCA effects under the four management conditions for grain yield (Table 5). Only TZEI 465, TZEI 462, TZEI 175 and TZEI  486 showed positive and significant GCA effects for grain yield under low N; TZEI 472, TZEI 175 and TZEI  462 under Striga-infested environments; TZEI 462, TZEI 124, TZEI 522, TZEI 175, TZEI 443 and ENT 8 under  optimal growing conditions; TZEI 462, TZEI 443, TZEI 465, TZEI 522, TZEI 486, TZEI 494, ENT 8, TZEI 16,  TZEI 124 and TZEI 175 across the environmental conditions (Table 5 ). In contrast, the five inbred testers had no positive and significant GCA effects in the contrasting environmental conditions for grain yield except ENT 13 and TZEI 129 under the optimal condition.
Early maturing yellow maize hybrids performance under different management conditions.
The 25 (best 15 and the worst 10) yellow maize hybrids selected using the IITA selection index under low N, drought, optimal, Striga and across environmental conditions are shown in Supplementary Tables 3, 4, 5, 6 and 7, respectively. The 25 testcrosses under drought condition had grain yields from 865 kg/ha for TZEI 432 x TZEI 10 to 4967 kg/ha for TZEI 443 x ENT 13, with an average of 2639 kg/ha. Hybrid TZEI 443 x ENT 13 had the highest yield under drought and produced 4967 kg/ha as compared with the 3500 kg/ha achieved by the best released check-TZEI 124 x TZEI 25, 42% yield advantage (Supplementary Table 3 ). The reduction in grain yield in the drought condition compared to the optimal ranged from 17 to 75% with an average of 45% in the drought condition. Days to 50% anthesis for the 15 drought tolerant hybrids ranged from 52 to 57 while days to 50% silking was from 54 to 60. Generally, increase in days to silking and the days to anthesis lead to an increase in the anthesis-silking interval, poor plant aspect, fewer ears per plant and ear aspect, accelerated senescence of leaves and high yield reduction among the testcrosses that produced poor grain yield and had negative selection indices (selection index) under drought condition (Supplementary Table 3 ).
Grain yield under low N was from 1469 kg/ha for TZEI 182 x TZEI 10 to 4096 kg/ha for TZEI 443 x ENT 13 with an average of 2704 kg/ha. The highest performing hybrid in terms of yield (TZEI 443 x ENT 13) under low N was not statistically different from the top seven high yielding and low N tolerant hybrids. However, it obtained higher yield and low N tolerance compared to the five checks. The released check which had high yield and low N tolerance was out-yielded by the best hybrid by 20%. Between 31 to 61% yield reduction was obtained under low N condition compared to that under optimal with an average of 44%. Days to 50% anthesis for the 15 low N tolerant hybrids ranged from 50 to 54 while days to 50% silking was from 51 to 54 ( Supplementary Table 4 ).
Grain yield under Striga infestation ranged from 1333 kg/ha for TZEI 455 x TZEI 23 to 4799 kg/ha for the released hybrid (TZEI 11 x TZEI 24) with an average of 3124 kg/ha (Supplementary Table 8 ). The check which had high yield under Striga infestation (TZEI 11 x TZEI 24) was not different from the 5 top-yielding hybrids out of the 15 Striga resistant hybrids as well as the released check-TZEI 124 x TZEI 25. The reduction in yield under the Striga-infested condition compared to that of optimal was from 2 to 57% with an average of 35%. Days to 50% anthesis for the 15 best Striga resistant hybrids ranged from 52 to 56 while days to 50% silking was from 53 to 59 (Supplementary Table 5 ).
In the optimal conditions, the yield varied from 2428 kg/ha for TZEI 455 x TZEI 23 to 7260 kg/ha for the released (commercial) hybrid check, TZEI 124 x TZEI 25 with an average of 4904 kg ha −1 . Conversely, the yield of the check in the optimal condition was not different from the best multiple-stress tolerant hybrid, TZEI 443 x ENT 13 (Supplementary Table 6 ).
Presented in Supplementary Table 7 are the 15 hybrids with multiple-stress tolerance and the 10 susceptible and five checks across management conditions. The yield varied from 1897 kg/ha for TZEI 455 x TZEI 23 to 5535 kg/ha for TZEI 443 x ENT 13 with an average of 3697 kg/ha. Hybrid, TZEI 443 x ENT 13 had yield which was significantly higher than those of the other hybrids across management condition.
The GGE biplot "stability vs. mean performance" for grain yield of the selected 25 testcrosses and five checks across the four management conditions is indicated in Fig. 1 Table 1 . Mean squares of different traits of early maturing yellow maize hybrids assessed under three drought and three low N environments in 2015 2016. * , **Significant at 0.05 and 0.01 probability levels, respectively; Env = environment; Rep = replication; YIELD = Grain yield (kg ha −1 ); Pollen = days to 50% anthesis; DYSK = days to 50% silking; ASI = anthesis-silking interval; PLHT = plant height (cm); PASP = plant aspect; EASP = ear aspect; EPP = ears per plant; STGR = stay-green characteristic. 
Discussion
One important concern of plant breeders and agronomists when conducting studies similar to those reported here is to ensure the effectiveness of the stress under investigation. One way to do that is to compare the performance under stress with that under non-stress conditions within otherwise similar environmental conditions. The study showed that the stresses were quite effective. Relative to the non-stress conditions, drought reduced Table 4 . Proportion (%) of total genotypic sum of squares of grain yield and other agronomic traits of early maturing inbred lines attributable to GCA-line, GCA-tester and SCA under drought, low soil N, optimal, Strigainfested and across the four management conditions. www.nature.com/scientificreports www.nature.com/scientificreports/ grain yield by 45%, low N by 44% and Striga infestation by 35% on the average; all of which were equal with or even higher than the reductions reported in earlier studies on drought stress 5, 24, 26, 41 , low N 42 , and Striga infestation 26 . The methodology used for imposing each stress, conclusions reached, and the stress tolerant hybrids Table 5 . General combining ability effects of lines and testers for grain yield under drought, Striga-infested, low N and optimal conditions. www.nature.com/scientificreports www.nature.com/scientificreports/ selected in this study are, therefore, reliable and may be used as basis for further studies on the improvement of maize productivity for SSA.
The best of the 205 new hybrids evaluated in the study consistently out-yielded the best available hybrids used as checks for each and across environments. Hybrid TZEI 443 x ENT 13, the most drought tolerant hybrid, yielded more than the best released hybrid, Sammaz 41 or Tamalaka (TZEI 124 x TZEI 25) by 42% under drought. Hybrid TZEI 443 x ENT 13 was also the highest low N tolerant and highest yielding under low N; it out-yielded the low N tolerant and high yielding released hybrid, Kunjor-wari (TZE-Y Pop DT STR x TZEI 17) by 20%, an indication that significant gain has been achieved in breeding for early maturing hybrids with high grain yield and low N tolerance in SSA. Hybrid TZEI 443 x ENT 13 therefore has the potential of producing high yield in low N soils, an important maize production constraint which is against increased maize production in SSA. In the Striga-infested condition, yields of the top five Striga resistant hybrids, TZEI 24 x TZEI 129, TZEI 472 x ENT 13, TZEI 462 x TZEI 17, TZEI 443 x ENT 13 and TZEI 462 x ENT 13 were equal to that of the check, TZEI 11 x TZEI 24. The hybrids therefore have the potential to contribute to increased grain yield in Striga prone areas of WCA. The major aim of maize research in WCA is to develop hybrids with tolerance or resistance to low N, Striga infestation and drought combined since most of the time occur on farmers' fields together. It is striking that the early maize hybrids, TZEI 470 x ENT 13, TZEI 443 x ENT 13 and several others, showed outstanding performance under multiple stresses. These hybrids have the potential to contribute to increased maize productivity and improve food security in the sub-region.
Statistically significant GCA (estimate of additive gene action), SCA (dominance gene action) and their interactions with the environment (additive x environment and dominance x environment gene action) occurred in this study, but varied among the environmental conditions. Under drought, days to anthesis, plant height, days to silking and ear height were inherited by additive rather than dominant gene action. However, the dominating effect of the grain yield, ear and plant aspects, EPP ASI, and the stay-green trait SCA sum of squares over that of GCA under drought showed that the inheritance of the traits was regulated by the non-additive gene effects and that SCA was the main constituent which caused the variations observed within the hybrids. These results contradicted the earlier reports of Badu-Apraku et al. 11 , Betrán et al. 22 , Meseka et al. 23 , Derera et al. 24 and Oyekunle and Badu-Apraku 43 that additive gene effects mainly controlled the inheritance of yield under drought conditions. Conversely, the result validated that of Souza et al. 20 and Badu-Apraku et al. 26 who revealed that non-additive gene effects regulated yield under drought conditions. Under low N, the inheritance of days to silking, plant height, days to anthesis, root lodging, ear height and ear rot was largely attributable to additive gene effects while that of grain yield, ASI, stalk lodging, plant aspect, husk cover, ear aspect, EPP and the stay-green characteristic were largely modulated by non-additive gene effects. These results are inconsistent with that of several other workers 11, 16, 29, 30, 32, 36, 44 , who revealed that additive genetic action largely influenced the inheritance of almost all the measured traits under low N environments. However, the result confirmed that of Badu-Apraku et al. 15 , Betràn et al. 22 , Meseka et al. 23 , Derera et al. 24 , Makumbi et al. 34 , Ndhlela 45 , Meseka et al. 46 , and Mafouasson 47 who found preponderance of non-additive gene effects over additive genetic action for yield in low N conditions. Under Striga infestation, additive genetic action was found to be the most influential in the inheritance of days to 50% anthesis, EPP, and Striga damage whereas non-additive genetic action was the major contributor to the variations observed for grain yield, ear aspect, plant height, ASI, and the number of emerged Striga plants. This does not agree with the results of Badu-Apraku et al. 16 , Ifie et al. 37 and Akinwale et al. 48 who found a dominating effect of the sum of squares of GCA over that of SCA for yield under Striga infestation. Moreover, the result is in disagreement with Yallou et al. 36 and Ifie et al. 37 , who found that non-additive gene effects mainly influenced the inheritance of both the number of emerged Striga plants and Striga damage. On the contrary, the present results agreed with those of Kim 38 , Akanvou et al. 39 and Badu-Apraku 40 who showed that additive genetic action mainly influenced the inheritance of Striga damage while non-additive gene effect largely influenced the number of emerged Striga plants.
The high GCA recorded over SCA sum of squares for all the traits with the exception of ear rot and EPP under optimal environments showed that additive genetic action principally influenced the inheritance of most of the traits than non-additive. The finding is in accordance with that of Katsantonis et al. 33 , Makumbi et al. 34 and Mafouasson 47 who reported that additive genetic action influenced the inheritance of maize yield under optimal condition and that almost all the traits could be improved using the recurrent selection procedure. The major effect of GCA over SCA sum of squares suggested that, testing of early generation progenies may be successful. It also implied that promising yellow endosperm maize hybrids can be selected principally based on the GCA effects as revealed by Baker 49 . However, Rizzi et al. 27 , Below et al. 29 and Kling et al. 30 revealed that non-additive genetic actions were accountable for the differences in maize yield under optimal condition. The differences in the findings of this study and that of some earlier researchers may be ascribed to the variations in the inbred lines used as well as the climatic and soil conditions.
The positive and significant GCA effects recorded for some early yellow inbreds for the yield in low N, Striga-infested, optimal and drought conditions showed that those inbred lines would contribute improved yield in their offspring under the contrasting management conditions.
The positive and significant GCA effects of grain yield obtained for inbred lines TZEI 465, TZEI 462, TZEI 175 and TZEI 486 under low N; TZEI 472, TZEI 175 and TZEI 462 under Striga-infested environments; TZEI62, TZEI 124, TZEI 522, TZEI 175, TZEI 443 and ENT 8 under optimal growing conditions; TZEI 462, TZEI 443, TZEI 465, TZEI 522, TZEI 486, TZEI 494, ENT 8, TZEI 16, TZEI 124 and TZEI 175 across the environmental conditions suggested that these inbred lines could serve as sources of beneficial alleles for improving tropical germplasms for high grain yield. Furthermore, the significantly negative GCA effects recorded for TZEI 443, TZEI 432, TZEI 182 and TZEI 474 for stay green characteristic under low N and drought environments.
Methods

Genetic materials and generation of testcrosses.
Based on their responses to Striga infestation and drought, 41 early maturing yellow endosperm maize inbred lines were selected and crossed to each of the five elite inbred testers (TZEI 10, TZEI 23, TZEI 17, ENT 13 and TZEI 129) using the line x tester mating design. The five elite inbred testers were regarded as males and crossed to the 41 early maturing yellow endosperm maize inbred lines as females to develop 205 testcross hybrids.
Field experiments. The 205 testcross hybrids plus five checks [including three commercial hybrids (TZEI 124 x TZEI 25 and TZE-Y Pop DT STR x TZEI 13 released in Mali and Nigeria; TZE-Y Pop DT STR x TZEI 17 released in Ghana)] were assessed under optimal (non-stressed) and three stressed (low N, Striga infestation and drought) conditions. Each entry was planted under optimal condition during the 2015 and 2016 rainy seasons at Mokwa, Ikenne, Ile-Ife and at Abuja during the 2015 rainy season (Supplementary Table 2 ). The agronomic and management practices adopted for the experiments have been reported by Badu-Apraku et al. 50 .
Low N (30 kg/ha) experiments were carried out at Mokwa during the rainy seasons of 2015 and 2016 and Ile-Ife during the 2015 rainy season (Supplementary Table 2 ). Details on how the low soil N environment was achieved at Mokwa and Ile-Ife and the management practices observed have been described by Badu-Apraku 50 .
Also, the hybrids were established under managed drought during the dry season at Minjibir in 2015 and Ikenne in 2016. The other drought trial was carried out at Kadawa during the rainy season of 2016 (Supplementary Table 2 ). The drought experiments conducted at Minjibir and Ikenne were as described by Badu-Apraku et al. 50 . However, due to the high temperature at Minjibir during the experiment period (February-March 2015) the irrigation was resumed at two weeks after flowering to enable completion of grain filling.
Each hybrid was also planted under artificial Striga infestation at Mokwa and Abuja in 2015 and 2016 (Supplementary Table 2 ). The soil on the Striga-infested field was injected with ethylene gas at two weeks before planting on the Striga fields. This was done to induce any surviving Striga seeds to forcefully germinate and die subsequently. The Striga infestation was done based on the method of Kim 51 . Detailed description of the management of the Striga-infested fields has been provided by Badu-Apraku et al. 50 .
All trials were carried out using a 14 × 15 alpha lattice in two replications. Each hybrid was assessed in a single-row plot, 3 m long spaced 0.40 m between hills and 0.75 between rows. Three seeds were initially planted in each planting hole and after at 2 WAP the germinated seeds were thinned to two to obtain a population density of approximately 66,666 plants ha −1 . www.nature.com/scientificreports www.nature.com/scientificreports/ (poor) based on overall plant type. Stay-green characteristic was recorded for the low N and drought experiments at 70 days after planting (DAP) as described by Annor and Badu-Apraku 17 . The number of emerged Striga plants and Striga damage were scored at 56 and 70 DAP (8 and 10 weeks after planting (WAP)) in the Striga-infested fields as proposed by Kim 51 . Under optimal and Striga-infested conditions, all the harvested and de-husked ears from each plot were weighed after which samples were shelled to obtain the moisture content (%) of the grains. A shelling percentage of 80% was assumed and yield adjusted to 15% moisture content was calculated from the ear weight and converted to kg/ha. For experiments conducted under low N and drought environments, ears harvested from each plot were shelled, the grains were weighed, and samples taken to measure the percentage grain moisture. Grain yield (kg/ha) which was adjusted to 15% moisture content was estimated from the grain weight after shelling.
Data collection.
Statistical analysis. Analysis of variance (ANOVA) were performed individually for data collected under each management conditions (low N, drought, optimal and Striga) with mixed model procedure in SAS 52 . Combined ANOVA was performed thereafter across the 17 test environments (locations-management combinations). In all analyses, environments, replicates within environment and blocks within replicates × environment interaction were observed as random factors while the hybrid was made a fixed factor. The least square means were estimated using SAS and separated using standard error (S.E).
The means generated from the ANOVA under the four management conditions and combined across all 17 environments were used for the line x tester analysis as reported by Comstock and Moll 53 and Singh and Chaudhary 54 . The specific combining ability (SCA) and general combining ability (GCA) effects as well as their standard errors were estimated for all traits under the different management conditions using SAS software version 9.3.
The relative importance of GCA (GCA-tester + GCA-line) and SCA effects was estimated as the proportion (percentage) of the genetic sum of squares of a trait due to SCA or GCA 55, 56 . The greater the proportion of the sum of square of a trait that is due to GCA or SCA, the greater was the predictability of the trait based on GCA or SCA 49 .
A selection index (I) for identifying and selecting the best performing hybrids under low N and drought conditions was estimated as proposed by Badu-Apraku et al. 4 whereas the base index used for hybrids evaluated under Striga infestation was calculated as described by MIP 57 and Menkir and Kling 58 . To identify hybrids with combined tolerance or susceptibility to all three stressed environments (low N, Striga and drought), a multiple-trait selection index (MI) was estimated as explained by Badu-Apraku et al. 21 and Amegbor et al. 18 .
Based on the MI, the top 15 low-N, Striga and drought tolerant/resistant and the ten most susceptible as well as the five checks were selected for genotype main effect plus genotype × environment interaction (GGE) biplot analysis to breakdown the G x E interactions into its component parts 59 . The GGE biplot was used to identify the most promising hybrids with high and stable yield across stressed and optimal environments 59 .
